Abstract: We developed a novel nanocomposite consisting of an organic-inorganic hybrid polymer modified with PbS quantum dots. The uniformally dispersed nanocomposite has high third-order nonlinearity and has been proven to be suitable for photonic crystal fabrication.
Introduction
Organic-inorganic hybrid polymers have been demonstrated to be promising materials for multi-photon fabrication of functional miniaturized photonic structures [1] [2] [3] . The incorporation of highly nonlinear nanocrystal quantum dots (QDs) can transform the plain polymer into a multi-functional active medium thus opening various possibilities for achieving novel active photonic devices. In this paper, we demonstrate the functionalization of the organic-inorganic polymer, namely Ormocer, by doping of lead-based QDs. It has been shown through the Z-Scan measurement that the nanocomposites possess ultra-high third-order nonlinearity. The nonlinear nanocomposite has been proven to be suitable for the fabrication of three-dimensional micro/nano photonic device using the two-photon polymerization (2PP) technique. The fabricated photonic crystals show stop gaps with more than 80% suppression in transmission at the telecommunication wavelength region.
Results and discussion
Nanocrystal QDs are well-known for their large third order nonlinearity attributed to the quantum confinement when the radius of the QD (R) is comparable or smaller than the exciton Bohr radius (a B ) [4] . The third order nonlinear susceptibility in a strong quantum confinement system, where R< a B , is proportional to 1/R 3 and the nonlinearity will be strongly enhanced for a narrow width of the particle size distribution. It is therefore obvious that QDs with large Bohr radii, such as PbS (a B =18 nm), and a narrow size distribution are the promising candidates for enhancing the third order nonlinearity. Nanocomposites with QDs incorporated have been reported extensively [5, 6] , but highly nonlinear photosensitive nanocomposites suitable for 2PP has not yet been established.
The PbS QDs were synthesised according to a modified procedure taken from References [7] . The achieved PbS QDs have an average radius of 2.3 nm, which is almost one order of magnitude smaller than the Bohr radius of bulk PbS and the size dispersion is approximately 9%. Using a sol-gel method such high quality QDs were uniformly dispersed in the polymer matrix. It has been found that the nanocomposites remained transparent for visible and near infrared (NIR) light. in Fig. 1(a) . The measured close-aperture Z-scan traces of PbS nanocomposites and plain polymer are presented in Fig. 1(b) . An ultra high third-order nonlinearity of the order of 10 -12 cm 2 /W has been obtained in the nanocomposite due to the strong quantum confinement of small-sized and narrowly distributed PbS quantum dots.
The nonlinear nanocomposites were used in the fabrication of PCs with the 2PP method, in which femtosecond pulses (~200 fs) operating at wavelength of 580 nm were focused into the nanocomposites with an oil immersion objective (Olympus, numerical aperture 1.4, 100×) [2, 3, 6] . 3D woodpile PCs of different rod spacing were fabricated with various exposure power levels under a constant fabrication speed of 60 µm/s [2, 3] . As shown in Fig.  2(a) , the 3D woodpile PC consists of layers of one-dimensional rods with a stacking sequence that repeats itself every four layers. Within each layer, the axes of the rods are parallel to each other with a period of d. The adjacent layers are rotated by 90 o and the rods in every other layer are shifted relative to each other by d/2. Generally, the resulting structure has a face-centered tetragonal (fct) lattice symmetry. When the height of the four layers (c) and the layer spacing of each layer (d) satisfy the special case of c/d= 2 , the lattice symmetry of the structure is facecentered cubic (fcc). The transmission spectra of the woodpile PCs in the stacking direction were characterized with a pinholeassisted Fourier-transform infrared (FTIR) spectrometer (Thermo Nicolet) [2, 3, 6] . Stop gaps with approximately 80% suppression in transmission at the telecommunication wavelength region have been achieved, which further confirms the high quality of the fabricated 3D PCs. It has been found that for increased QD doping concentrations the measured stop gaps showed a red shift due to the increase of the rod thickness during the fabrication, which in turn increases the filling ratio of the PCs.
Conclusion
In conclusion, a novel nanocomposite consisting of an organic-inorganic hybrid polymer modified with high nonlinear PbS QDs was developed. It has been demonstrated that the composite has high third-order nonlinearity due to the strong quantum confinement of small-sized and narrowly distributed PbS quantum dots. The fabrication of 3D PCs with pronounced stop gaps using the 2PP method has been successfully achieved in the nonlinear nanocomposite. The nanocomposite materials may find wide applications in active micro/nano devices, such as ultrafast switching, signal regeneration, and high speed demultiplexing systems.
